Polymer-enhanced-oil-recovery (EOR) operation has been implemented for the production of oil from difficult mature oil fields in Oman. The polymer used to sweep oil toward production wells in this EOR technique is resulting in the generation of polymer-flood produced water (PFPW) of increasing viscosity. Current methods of treating oilfield produced water must be reconsidered for the effective treatment of PFPW of such changing quality.
Introduction
Oman's main oil-production company, Petroleum Development Oman (PDO), produces roughly 8 m 3 of water/m 3 of oil, totaling 4.5 million B/D of water (Al-Manhal 2009) . Much of this produced water is reinjected into the oil reservoirs for pressure maintenance, and some is used to generate steam for enhanced-oil-recovery (EOR) projects. Because all of Oman's production facilities are currently onshore and well inland of the coast, marine disposal is not an option for the remaining produced water.
Disposal to shallow aquifers was phased out in 2005 (Breuer and Al-Asmi 2010) to avoid any contamination of these aquifers and to preserve them for future use (Al-Manhal 2009) . While reed plants have been used in recent years to treat large quantities of this produced water, in the case of lower-salinity brines (Al-Manhal 2010) , much of the water is still disposed of into deep-lying aquifers, a costly and energy-intensive process because of the high levels of pressure needed to pump the water down to a depth of approximately 2 km below the surface (Al-Manhal 2010) . Some concerns also exist for deep-well disposal over the long run in terms of clogging of the reservoirs by oil and of increasing saturation pressure caused by the finite limit of water that can be absorbed by the aquifers (Al-Manhal 2009 , 2010 . As such, less-expensive and environmentally acceptable alternatives for produced water have been sought. In fact, PDO has been searching for ways to convert this liability into a water resource. Suitable treatment and use of produced water represents an attractive alternative to disposal. In terms of possible use of treated produced water, the relatively low salinity of the currently disposed water increases the deployment options of such water after treatment. In light of such need, the authors have been working to identify simple, highly efficient treatment systems for produced water in Oman through laboratory tests and treatment trials.
There is no single treatment technology suitable for all cases of produced water. Generally, produced water contains traces of dispersed and dissolved oil; heavy metals; boron; corrosive fluids, such as hydrogen sulfide and carbon dioxide; production chemicals; radioactive isotopes; formation minerals; and other solids (Fakhru'l-Razi et al. 2009; Al-Manhal 2003; Khatib and Verbeek 2002) . Therefore, the selection of suitable treatment methods/technologies depends on the water characteristics and chemistry, as well as numerous other factors, including target treated-water quality on the basis of reuse/discharge plans, capital/operating costs, facility space constraints, treatment-unit mobility, durability/ease of operation and maintenance, and waste-stream-byproducts pre-or posttreatment requirements (Arthur et al. 2005) .
There are various physical, chemical, and biological methods proposed for produced-water treatment. Available technologies have been described and compared in the literature (Fakhru'l-Razi et al. 2009; Arthur et al. 2005; CSM 2009; Kenawy and Kandil 1998; Plebon 2004) . Primary-treatment equipment includes skim tanks, American Petroleum Institute-type separators, and platepack interceptors, which rely on simple and cost-effective gravity methods to separate free oil and coarse solids (large droplets/particles greater than 150 µm in diameter), mainly for recovering as much oil as possible rather than for treating water. Secondary-treatment techniques involve enhanced separation of dispersed oil and fine solids (small droplets/particles 20 to 150 µm in diameter) and include flotation (dissolved gas, induced gas) with and without coagulation (aluminum and iron salt, polymer), hydrocyclones, and centrifuges, generally reducing the dispersed-oil concentration to less than 40 mg/L. Hydrocyclones have been reported to be able to handle finer solids (5 to 15 µm in diameter), reducing oil and grease levels to 10 mg/L. Polishing-and tertiary-treatment technologies target emulsified oil and finer solids (smaller droplets/particles 5 to 20 µm in diameter) and dissolved oil (less than 5 µm in diameter), and include media filters (walnut shell, sand, anthracite), cartridge filters, membranes, adsorption (activated carbon), and biological treatment (reedbed), and reduce dispersed-oil concentration to less than 5 to 10 mg/L (SPE 2011). Combinations of more than one method/technology may be used in series.
Primary-treatment equipment is standard throughout Oman. Secondary-treatment techniques, such as induced-gas flotation, gas-flotation tanks, and hydrocyclones, have also been used at some sites in Oman (Al-Manhal 2009), but performance results have not been reported publicly. Polishing-and tertiary-treatment technologies, such as walnut-shell filters, have also been used at some sites in Oman, but again, performance results have not been reported publicly. Reedbed treatment is also used, and the initial capacity of 45 000 m 3 /d (Breuer and Al-Asmi 2010) is being doubled (Oman Daily Observer 2012) .
In a previous study (Al-Maamari et al. 2014) , treatment trials of oilfield-produced water were carried out with a versatile, mobile pilot plant developed specifically for testing different-quality produced waters to different treatment levels. With the pilot plant, coagulation/flocculation, flotation, filtration, and adsorption processes could be tested separately or in series. Flotation with polyaluminum chloride coagulant and adsorption by activated carbon were two processes that were tested during the trials, and were not being used for produced-water treatment in Oman.
Since the previous study, polymer-EOR operation has been implemented for oil production from difficult, mature oil fields in Oman. The polymer used to sweep oil toward production wells in this EOR technique results in the generation of polymer-flood produced water (PFPW) of increasing viscosity. As such, current methods of treating ordinary oilfield-produced water must be reconsidered for the effective treatment of PFPW of such changing quality.
The focus of this study was the treatment of such PFPW from polymer-EOR operations. Three trials and laboratory testing were conducted for the treatment of PFPW from polymer-EOR operations. 20-m 3 samples of PFPW were collected from the field for each of the trials, and a 40-L sample for the laboratory tests was also collected from the field on a separate occasion. The pilot plant used in the previous study was also used for these trials. As before, the pilot-plant design allowed for the testing of coagulation/flocculation, flotation, filtration, and adsorption processes in different combinations according to PFPW quality and at different levels of treatment. For these trials, the treatment process was adjusted to allow for testing additional processes such as aeration and a second coagulation/flocculation.
Experimental
Pilot-Plant Design. The design of the pilot plant is based on the chemical-and mechanical-treatment processes of coagulation/flocculation, flotation, and adsorption. The pilot plant is flexible, allowing for the testing of different combinations of these individual processes for the treatment of different types of water to different levels of oil concentration, according to need. For example, for marine disposal of such water, the secondary-treatment processes of coagulation, flocculation, and flotation might be sufficient. For irrigation reuse, the additional tertiary processes of filtration and adsorption might also be required. The combined-process design was based on the objective of lowering oil concentration in primary treated water of roughly 250 mg/L to approximately 0.5 mg/L. At this level of oil concentration, the treated produced water could be used as irrigation water (Sultanate of Oman 1993). The plant is compact to allow for transportation to conduct trials at different sites, and its capacity is 50 m 3 /d. Most of the descriptions in the remainder of this section were presented in Al-Maamari et al. (2014) and are repeated here for convenience.
Coagulation/flocculation was selected as the pretreatment to flotation to agglomerate small oil droplets and suspended solids into larger contaminant flocs (roughly 5 mm in diameter) to allow for more-efficient separation of contaminants from water and, consequently, smaller processing vessels. The pilot plant can be used to test a variety of coagulants/flocculants. Previously, a combination of polyaluminum chloride (PAC) and medium-strength anionic polymer (polyacrylamide, Takifloc A-103T) was used. The reasons for the selection of these chemicals were explained in AlMaamari et al. (2014) . Induced-gas flotation (IGF) was selected as an enhanced gravity-separation secondary-treatment technique that uses microbubbles to help separate/lift contaminants to the water surface for removal. Flotation was selected because of its lower cost relative to other secondary techniques, and IGF was selected over dissolved-air flotation because of its ease in operation, minimal equipment requirements, and small footprint. Nitrogen was selected as the flotation gas, for safety and maintenance issues related to corrosion and scaling.
Filtration was selected to remove any dispersed contaminants remaining in the water following flotation, and adsorption was selected to remove dissolved contaminants and any dispersed contaminants remaining in the water following filtration. While the pilot plant can be used to test a variety of filter media and adsorbents, anthracite and activated carbon were used during these trials because they were judged to be the most-cost-effective filtration and adsorption materials available.
Accordingly, the four main components of the plant are Additionally, there are holding tanks for raw water (RW), scum, and treated water, and there are smaller chemical tanks for preparation and dosing of the chemical solutions required for coagulation and flocculation of water contaminants. Different pumps convey water through the treatment processes and also generate the microbubbles required for flotation. Mixers are used to prepare chemical solutions and to coagulate and flocculate contaminants in the water. A scraper removes separated oily scum from the surface of the water in the flotation tank. A pressureswing-adsorption (PSA) nitrogen generator supplies nonexplosive gas for flotation.
The detailed pilot-plant system flow is shown in Fig. 1 . RW is sent from the RW tank (1) by the submersible RW pump (1) to the mixing tanks (2&3). Coagulant solution [PAC/aluminum sulfate (AS)] is dosed from the coagulant tank (10) by the coagulant pump (8) to the coagulant-mixing tank, where RW and coagulant are mixed to coagulate contaminants. There are provisions to add a second chemical, if desired.
Coagulated water flows to the pressure pump (3), where nitrogen gas supplied from the PSA nitrogen generator (4) is injected into the pumphead to generate the microbubbles required for separation of contaminants by flotation. Polymer is dosed from the polymer tank (11) by the polymer pump (10) at the pump outlet to enlarge the flocs coagulated by PAC to allow for easier separation by flotation. A second pressure-pump system is available to increase system flow or as a spare.
From the pressure pump, coagulated/flocculated water enters the flotation tank (4), where nitrogen microbubbles separate the chemical/contaminant flocs, carrying them to the surface at which point they are removed by the scum scraper (16) and flow by gravity to the scum tank (12). Water treated by flotation flows to the adjoining flotation-treated-water tank (5).
Depending on the water level in the flotation-treated-water tank, the flotation-treated water is sent by the filtration pump (5) through the sand-filtration tower (6) and activated-carbon-adsorption tower (7) into the treated-water tank (8). Valves and piping exist to bypass both the filtration and adsorption towers or the adsorption tower only, according to the treatment processes being tested. Additionally, for cleaning of the filtration and adsorption towers, there is a backwashing pump (6).
Further to the earlier description of the pilot-plant process, chemical-dosing pumps are capable of supplying a concentration of 10 to 100 mg/L of coagulant and 0.2 to 5 mg/L of polymer to the water. These test ranges of chemical concentrations can be further increased by lowering the rate of water entering the plant and or increasing the concentration of the chemical solutions being added to the water. Maximum linear velocity for filtration is 5.2 m/h, and minimum space velocity for adsorption is 6.7/h. The filtration media used for these trials was anthracite instead of the sand used in the previous study. The adsorption media used for these trials was activated carbon (KURARAY COAL KW, Kuraray Chemical Company), which is the same as that used in the previous study.
As mentioned earlier, while the pilot plant was designed originally to test coagulation/flocculation-, flotation-, filtration-, and adsorption-treatment techniques, for these trials, the treatment system was adjusted to allow for the testing of additional processes such as aeration and a second coagulation/flocculation.
Trial Sampling and Analysis. For oil-in-water measurement, TD-500D fluorescence analysis was used after single extraction with n-hexane. The TD-500D analysis is a convenient method that can provide quick results on-site and can approximate the gravimetric method of oil and grease measurement [i.e., Environmental Protection Agency Method 1664 (EPA 1999), the designated regulatory method in the US]. Similar to such gravimetric methods, the TD-500D does not measure benzene, toluene, ethylbenzene, and xylene compounds that may be dissolved in water effectively. The TD-500D and such gravimetric methods measure the concentrations of less-volatile hydrocarbons that are more likely to be dispersed in water.
Turbidity was measured on-site with a Hanna Instruments Microprocessor Turbidity Meter HI93703 [up to 1,000 Formazin turbidity unit (FTU)]. Chemical oxygen demand was measured as oxygen demand by potassium permanganate consumed (JIS K 102:2008) . Sulfides (S 2-, HS -) were measured on-site by Gastec No. 211LL detector tubes for liquids. Additionally, viscosities were measured for polymer-flood produced-water (PFPW) samples with a BII viscometer, Type BLII (Toki Sangyo Company).
Water samples were collected from up to six different points, depending on the trial, as follows:
• RW inlet to the pilot plant Additionally, viscosity measurements of solutions of distilled water, 0.44% sodium chloride (NaCl) (reservoir salinity), and EOR polymer FLOPAAM 3630 S (0 to 5000 mg/L) were carried out to gain a rough understanding of the viscosity of ordinary produced water without any polymer and of the quantity of polymer required to achieve a target viscosity of 16 cp, both at reservoir temperature of 46°C. Viscosity of distilled water and 0.44% NaCl solution without polymer at 46°C was 0.51 cp. The required polymer addition to distilled water and 0.44% NaCl solution to a target viscosity of 16 cp appeared to be more than 1000 mg/L (Fig. 2) . Compared with the viscosity reference value of solution without polymer of 0.51 cp and target viscosity of 16 cp, the viscosities of all four samples used for trials and laboratory testing were comparatively low (even though they were measured at a temperature of 40°C, which was 6°C lower than for the reference sample).
Results and Discussion
Three trials and several laboratory tests were conducted for this investigation for the treatment of polymer-flood produced water (PFPW). PFPW samples were delivered from the field in a 20-m 3 tanker for each treatment trial. A 40-L sample was collected on a separate occasion for the laboratory tests.
The first PFPW-treatment trial was conducted with polyaluminum chloride (PAC) for coagulation of oil in produced water to be separated by flotation and filtration on the basis of the effectiveness of PAC in previous trials for ordinary produced-water treatment (Al-Maamari et al. 2014) . Laboratory tests were then conducted to evaluate the applicability of PAC and other chemicals for treatment of PFPW of higher viscosity than ordinary oilfield-produced water. These tests indicated that aluminum sulfate (AS) would be more effective as a coagulant for the treatment of this water. Subsequently, the second PFPW-treatment trial was conducted with AS as the coagulant instead of PAC. However, because the PFPW tested during the second trial was of relatively low viscosity (closer to that of ordinary produced water), the difference in effectiveness of AS was not clear, and a third PFPW-treatment trial was conducted, again with AS instead of PAC.
The pilot plant was used for testing coagulation/flocculationand flotation-treatment processes. Bench-scale equipment was used for aeration, second coagulation/flocculation, anthracite filtration, and activated-carbon adsorption-treatment processes in large part because of the limited volumes of water available for the trials. Trial 1. PAC was used as the coagulant for the previous treatment trials of ordinary produced water. On the basis of its effectiveness in these previous trials, PAC was proposed and used for the first PFPW trial to evaluate the effectiveness of PAC treatment. 20 m 3 of PFPW was transported from the field. The viscosity of the water was much lower than expected (0.69 cp at 40°C). Initial jar tests indicated a suitable chemical-addition rate of 150 mg/L of PAC (and 2 mg/L of polymer) for the pilot trial (Table 1 and Figs. 3 and 4) . However, because a relatively high concentration of oil remained in the water from these initial jar tests, additional jar tests for a second PAC treatment were carried out with water pretreated with 150 mg/L of PAC. These additional jar tests indicated that a second PAC addition of 60 mg/L would be effective in reducing the oil-in-water (OIW) concentration to less than 5 mg/L (Fig. 5) . As such, a second coagulation/flocculation treatment was added for the trial.
Two separate sets of jar tests were conducted to assess the effect of aeration on water quality. The first set of tests indicated that with preaeration, better water quality could be achieved with less PAC addition. For example, with 100 mg/L of PAC addition, preaeration resulted in an OIW concentration of less than 5 mg/L and turbidity in the range of 10 FTU (Fig. 6) , compared with an OIW concentration of close to 20 mg/L and turbidity of approximately 30 FTU for results without such preaeration followed by a higher PAC-addition rate of 150 mg/L (Fig. 3) . The second set of tests confirmed that aeration was effective for sulfide (S 2-) stripping (even more so when combined with pH control) (Fig. 7) . The S 2-concentration was reduced from close to 30 mg/L to nearly zero at aeration rates Oil (mg/L)
Turbidity (FTU)
greater than 40 (greater than 20 with pH control). On the basis of these results, the aeration process was also included for this trial (Fig. 8) . While aeration would probably be more effective before the first coagulation/flocculation/flotation process, it was not possible to do so during this trial. Modification of the pilot-plant process is recommended in the future to test such preaeration. Jar tests were also conducted to evaluate the performance of six alternative chemicals (including deoiler) as coagulant, but they were all evaluated to be either less effective or, in one case, less practical to use than PAC, and were not selected for testing in the trial. Additional jar tests were conducted to evaluate the performance of oxidants (hydrogen peroxide, sodium hypochlorite) for removal of S 2-, but they were not effective and also were not selected for testing in the trial.
During the trial, S 2-concentration was reduced from 38 to 13.5 mg/L after the coagulation/flocculation/flotation processes. As expected, the aeration step removed the remaining S 2-. The pilot-trial results indicated that OIW concentration in PFPW was reduced from 79 to 0.7 mg/L through coagulation/flocculation, flotation, aeration, second coagulation/flocculation, anthracite filtration, and activated-carbon adsorption (Table 2 and Fig. 9 ).
Laboratory Tests. The 40-L sample of PFPW collected for the laboratory tests was of higher viscosity than previous trials (1.88 cp at 40°C). A different chemical, AS, was tested, and its performance was compared with that of PAC on the provided sample. Results indicated that AS was more effective than PAC for treatment of this water, particularly at a 150-mg/L chemical-addition rate (Fig. 10) .
Because the viscosity and oil concentrations in the provided PFPW sample were low, an additional 500 mg/L of enhanced-oilrecovery (EOR) polymer (3630 S) and additional oil (Japanese Heavy Oil A, equivalent to ISO No. 2 Fuel Oil-Diesel Fuel or Oil) were emulsified with the sample, resulting in a viscosity of 4.5 cp and an oil concentration of 2500 mg/L, and the sample was retested with AS and PAC. AS addition of 200 mg/L was effective in reducing the oil concentration in water (well below 0.5 mg/L), while PAC was ineffective. This reduction appeared to be related to the reduction in viscosity with the addition of AS (Fig. 11) . Most of the polymer used for EOR was believed to have been removed along with oil and suspended solids.
Trial 2. On the basis of its effectiveness in laboratory tests, AS was proposed and used as the coagulant for the second PFPW-treatment trial to evaluate the effectiveness of AS treatment. 20 m 3 of PFPW was again transported from the field by tanker. The viscosity of this water (0.74 cp at 40°C), while higher than that in the first trial (0.69 cp), was still considerably lower than that in the laboratory tests (1.88 cp). The effect of both AS and PAC was checked through jar tests. While PAC performed better in terms of turbidity at lower chemical additions (less than 500 mg/L), there was not much difference in terms of OIW concentration (Table 3 and Fig. 12 ). Because PAC was already used in the first PFPW trial, it was decided to use AS for this second trial.
Subsequent jar tests indicated a chemical-addition rate of 600 mg/L of AS (with 2 mg/L of polymer) for the pilot trial (Table 4 and Fig. 13) . However, because turbidity remained in the water, additional jar tests for a second coagulation treatment with AS or PAC were carried out with water that had been pretreated with 600 mg/L of AS. These additional jar tests indicated that a second AS addition of 10 mg/L would be effective in reducing turbidity to less than 3 FTU (PAC performance was similar) (Table 5 and Fig. 14) . As such, a second coagulation/flocculation treatment with 10 mg/L of AS was added for the trial. The trial-treatment-process flow is shown in Fig. 15 . The pilot-trial results indicated that the OIW concentration in PFPW was reduced from 28.9 to 0.6 mg/L through a single coagulation/flocculation/flotation treatment only (Table 6 and Fig. 16 ).
Trial 3. 20 m 3 of PFPW was again transported from the field by tanker. The viscosity of this water (1.40 cp at 40°C), while higher than for the water in the first and second trials (0.69 and 0.74 cp, respectively), was still lower than that used in the laboratory tests (1.88 cp). The OIW concentration was very high, greater than 200 mg/L. Again, the effect of both AS and PAC was checked through jar tests. At an addition rate from 600 mg/L upwards, AS appeared to perform better than PAC in terms of turbidity (Fig. 17) . Again, AS was selected as the coagulant for this third trial. Subsequently, jar tests were conducted to determine the appropriate AS-addition rate for the trial, as well as the choice of flocculation polymer. These jar tests indicated a chemical-addition rate of 700 mg/L of AS with polymer A-103T (2 mg/L) for the pilot trial ( Table 7 and Figs. 18 and 19). However, because turbidity again remained in the water, additional jar tests for a second coagulation treatment with AS were carried out with water pretreated with 700 mg/L of AS. These additional jar tests indicated that a second AS addition of 90 mg/L (with 1 mg/L of polymer A-103T) would be effective in further reducing turbidity (Fig. 20) . As such, a second coagulation/flocculation treatment of 90 mg/L of AS (with 1 mg/L of polymer A-103T) was added for the trial. Trial-treatment process flow is shown in Fig. 21 .
Pilot-trial results indicated that the OIW concentration in PFPW was reduced from 210 to 1 mg/L through double coagulation/flocculation and flotation treatment alone (Table 8 and Fig. 22) . Filtration and adsorption stages resulted in further improvement of water quality.
Conclusions
A summary of results for the polymer-flood produced-water (PFPW) treatment trials follows: • The viscosity of PFPW is only slightly higher than that of ordinary produced water from the same field.
• Coagulation with polyaluminum chloride (PAC) was not as effective for higher-viscosity PFPW compared with lowerviscosity ordinary produced water from the same field.
• Coagulation by aluminum sulfate (AS) was more effective in removing dispersed oil from higher-viscosity PFPW, the viscosity of which was higher than ordinary produced water from the same field.
• Double coagulation with AS was effective in reducing oil-inwater concentration in PFPW from 210 to 1 mg/L. • Filtration and adsorption stages resulted in further improvement of water quality.
• Most of the polymer used for enhanced oil recovery was believed to have been removed along with oil and suspended solids. Potential areas for additional work are • Further investigation into the mechanism of AS performing better than PAC for treatment of PFPW.
• True potential for effective treatment of higher-viscosity PFPW, seen in laboratory tests, could not be tested because of the lower viscosity of the water that was delivered for the trials. As PFPW viscosity continues to increase and samples of such water become readily available, further tests are recommended, preferably on-site to eliminate changes that occur to water during transportation and to allow for longer periods of testing.
• Trials indicated that double coagulation/flocculation is effective for treating more-difficult produced water. Modification of the pilot unit to allow for easier testing of double coagulation/flocculation when required and further tests with the modified plant are recommended.
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